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The results of the searches for a Higgs boson decaying to down-type fermions are presented 
using the proton-proton collision data collected by the ATLAS and CMS experiments at the 
LHC, at a centre-of-mass energy of 7 & 8 TeV. The results obtained with the available data 
provides a strong evidence for a Higgs boson coupling to fermions. Results are also presented 
for a Higgs boson production in association with a pair of top quarks. 


1 Introduction 

A Higgs boson of mass around 125 GeV has recently been discovered by the ATLAS and CMS 
experiments at LHC The discovery was made in channels where the Higgs boson decays 
to a pair of gauge bosons. However, there was no direct observation in fermionic channels. 
Thereafter, the LHC added more data and the analysis strategies for the searches in fermionic 
final states have been greatly improved. In SM, the Higgs boson couples to fermions via Yukawa 
interactions, where the coupling strength is proportional to the fermion mass. Thus, H —rr 
and H —)• bb are two major fermionic channels to search for the Higgs boson at LHC. 

Due to the nature of the Yukawa coupling in the SM, the Higgs boson is expected to have 
strong coupling to the top quark relative to the other fermions. The coupling to the top quark 
can be accessed indirectly through the measurements of gluon fusion production mechanism and 
Higgs boson decay to photons, which involves the fermion loop dominated by the top quark 
contribution. The current measurements of top quark Yukawa couplings are consistent with 
that of SM predictions within the experimental uncertainties^’"^. However, the production of the 
Higgs boson in association with a top-quark pair (ttH) allows for a direct probe of top-quark 
Yukawa coupling. A measurement of the ttH production rate will provide a direct test of the 
Higgs boson’s coupling to top quark. 

This article summarizes the results of the searches for the SM Higgs boson in the channels 
H ^ bb, H —y TT, H —y and H —y ee with the data collected by the ATLAS and CIVIS 

experiments at LHC at a centre-of-mass energy of 7 & 8 TeV, corresponding to an integrated 
luminosity of approximately 5 &: 20 fb“^, respectively. The results of a search for production 
in the above experiments are also described. 


2 Searches for VB., H —)■ bb 


Since the inclusive production of H —?■ bb is overwhelmingly dominated by the QCD multi-jets 
background, the search is performed in the production mode where the Higgs boson is produced 
in association with a vector boson The following search channels are considered: W(^z^)H, 
W(ez/)H, W(rz/)H, Z(^;u)H, Z(ee)H, and Z(j^z/)H, where H decays to bb. The major backgrounds 
arise from the production of W/Z-|-jets, tt, dibosons and QCD multi-jet events. The analysis 
strategy is based on the reconstruction of the vector bosons in their leptonic decay modes and 
of the Higgs boson decay into two b-tagged jets. The events are further categorized based 
on the pt of the vector bosons, and b-tagging discriminator values of the jets. The H —)■ bb 
decay is reconstructed by selecting a pair of b-tagged jets, for which ptOJ) is highest. Both the 
experiments have developed techniques to improve the b-jet energy calibration, thus improving 
the Higgs boson mass resolution. The sensitivity of the search is improved using a multivariate 
analysis (MVA) approach. Dedicated Boosted Decision Tree (BDT) discriminants are trained 
combining dijet mass with other variables sensitive to kinematic, topological and b-tagging 
properties of the selected events. 

The CL^ method ^ is used to obtain 95% confidence level (CL) upper limits on aja sm- 
For a Higgs boson of mass 125 GeV, the observed (expected) limits are 1.2 (0.8) and 1.89 
(0.95), obtained by ATLAS and CMS experiments, respectively. The best fit values of the signal 
strength parameter, p {(yjasM)-, for mn = 125 GeV are found to be 0.51±0.31(stat.)±0.24(syst.) 
by the ATLAS, and 0.84 ±0.44 by the CMS experiment, respectively. The ATLAS measured an 
observed local significance of 1.4it, to be compared to an expectation of 2.6(j, for a Higgs boson 
mass of 125 GeV, while the GMS found an observed (expected) significance of 2. Oct (2.6(t). Note 
that the values of p and significance obtained by the GMS also includes the production process 
tiB, H — 7- bb and gg — )■ ZH, H — bb^, while the later production process is included in the 
ATLAS result. All these results are compatible with the presence of the SM Higgs boson of 
mass approximately 125 GeV. 

3 Searches for H — > 

Both the ATLAS and CMS experiments have searched for the SM Higgs boson decaying to a pair 
of r leptons . The search strategy for H —)■ rr makes use of all leading production mechanisms 
at LHC: gluon-gluon fusion (ggF), vector boson fusion (VBF), and associated production with a 
W or Z boson. The analyses consider all possible decays of r lepton, hadronically or leptonically, 
leading to six different final states: //r/i, er/^, ThTh, eg, gg, and ee, where Th denotes the hadronic 
decay of r lepton. The major backgrounds arise from the production of Z —)■ tt, W±jets, ff±jets 
and QCD multi-jet events. Most of the background yields are estimated, and their distributions 
are modeled, using data. 

To maximize the sensitivity of the analysis, the ATLAS experiment employs a MVA ap¬ 
proach. The events are divided in to two broad categories: VBF and boost category. The VBF 
category targets events produced in the VBF production mechanism, while the boost category 
targets events with a boosted Higgs boson produced in ggF process. Separate BDTs are trained 
for each analysis channel and category, for a Higgs boson mass of 125 GeV, combining the vari¬ 
ables sensitive to the kinematic properties of the leptons and jets, FI™'®®, and the reconstructed 
invariant mass of the r-lepton pair (rurr)- In both the experiments, nirT is computed using like¬ 
lihood based techniques from the four-momenta of the individual leptons and the if™'®® vector. 
The CMS experiment adopted a cut-based analysis approach to enhance the sensitivity of the 
analysis. The events are divided in to several categories using the variables such as number of 
jets, dijet mass (rrijj), g difference between the jets (Agjj), visible px of the r leptons, and px 
of the reconstructed di-r candidates. The distribution of the BDT discriminant and nirr are 
used as the final discriminator in ATLAS and CMS analyses, respectively. 

An excess of events is observed with respect to the background-only hypothesis, which is 
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Figure 1 - Left: Local p-value and significance as function of SM Higgs boson mass hypothesis from CMS analysis. 
Right: Event yields as a function of logio(S/B), where S (signal yield) and B (background yield) are taken from 
BDT output, assuming p = 1.4. 


compatible with the presence of the SM Higgs boson of mass 125 GeV. The excess is quantified 
by the local p-values, which is shown in Fig. l(left) for CMS analysis. For mn = 125 GeV, the 
expected and observed p-values correspond to a significance of 3.7 and 3.2 standard deviations, 
respectively. The corresponding values from ATLAS analysis are SAa (expected) and 4.5(T 
(observed) at mu = 125.36 GeV. The best fit values of /r are 1 . 43 lg '37 =125.36 GeV and 

0.78 ± 0.27 at mn = 125 GeV from ATLAS and CMS analyses, respectively. The distribution of 
event yield, in bins of logio(S/B), for all signal region bins is shown in Fig. 1 (right) for ATLAS 
analysis, which is calculated assuming ^ = 1.4. These observations provide a strong evidence 
for the coupling of the Higgs boson to r leptons as expected from the SM. 

The CMS experiment combined the results of the searches for a Higgs boson decaying to b 
quarks and r leptons which results in a strong evidence for the direct coupling of the observed 
125 GeV Higgs boson to down-type fermions. The observed significance for a Higgs boson to 
down-type fermion coupling is 3.8 (j, to be compared to an expectation of 4.4 cj. 

4 Searches for H —& H —e'''e“ 

The CMS experiment performed a search for a SM-like Higgs boson decaying to a pair of muons 
or a pair of electrons while the ATLAS experiment searched for a Higgs boson decaying to 
a pair of muons No excess of events are observed, and a 95% CL upper limit is obtained on 
the production cross section times branching fraction using the CL^ method. For a SM Higgs 
boson with a mass of 125 GeV (125.5 GeV for ATLAS), the upper limit obtained on branching 
fractions are H(H —)• < 0.0016 and H(H —^ e+e“) < 0.0019 from CMS analysis, and 

H(H^ /r+^-) < 0.0015 from ATLAS analysis, respectively. These results provide a confirmation 
for the fact that the Higgs boson coupling to leptons are not flavor universal, unlike vector bosons. 

5 Searches for ttH production 

The search for a Higgs boson produced in association with a pair of top quarks at LHC is 
extremely challenging due to its small production cross section, approximately 130 fb at 8 TeV, 
and large background contribution from inclusive tt-|-jets production process. The searches are 
performed in final states where W bosons from both the top quarks decay to leptons, or W boson 
from one top quark decays to lepton while the other decays to jets. The ATLAS experiment 
performed searches for ttH production where the Higgs boson decays to bb and where the 
Higgs boson decays to leptons via the decay of WW*, rr, and ZZ* The CMS experiment 
performed searches for ttH production where the following signatures of Higgs boson decay are 
considered: H —?■ hadrons, H —?■ photons, and H —?■ leptons These decays proceed via the 
decay of Higgs boson to bb, rr, WW*, ZZ*, and 77 . 
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Figure 2 - The best fit value of the signal strength parameter /r = (J josu for each ttH channel. 


The general strategy is to select tt-like events reqniring at least one or more b-tagged jets. 
To enhance the signal over tt background, the events are divided in to several categories based 
on the number of jets and b-tagged jets. Both experiments use MVA approach to separate signal 
from backgrounds. 

The combined CMS results obtained an observed (expected) upper limit of 4.5 (1.7) on 
o'IcrsM at 95% CL. The upper limits obtained by ATLAS are compatible with the presence of 
a SM Higgs boson. Figure 2 shows measured values of signal strength /r in both the exper¬ 
iments. While the measured /U values in ATLAS are consistent with SM expectations within 
the uncertainty, the combined value of /i obtained in CMS have a roughly 2 standard deviation 
upward fluctuation. The CMS experiment also performed a separate analysis for the search of 
ttH, H —bb using matrix-element method^®, which improves the sensitivity by approximately 
15% compared to the standard ttH, H —)• bb analysis. The ATLAS experiment has also utilized 
matrix-element discriminators in some of the high purity categories of the ttH, H —)• bb analysis, 
which were used as input to the multivariate discriminant. 

6 Conclusion 

The results of the searches for the SM Higgs boson decaying to a pair of b quarks or a pair of 
T leptons using the ATLAS and CMS detectors provide a strong evidence for the Higgs boson 
coupling to down-type fermions. The experiments have made strong progress in the direct 
measurement of Higgs boson coupling to top quark. The results obtained with the available 
data are consistent with the SM expectations. The LHC run at 13 TeV, expected to start from 
mid 2015, will provide definitive answers about the Higgs boson coupling to fermions. 
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